Abstract-This paper presents a detailed study on the optimal use of helical slow-wave structures (both wire and slotted) for plasma production at microwave frequencies. For this purpose a feed optimization study was undertaken in which different feed structures located within the helical coils were used for exciting the helices. Each feed structure excites a preferred component of the wave electric/magnetic field inside the helices. It is seen that the efficacy of plasma production using the different feeds depends directly on the relative importance of the field component (excited by each feed) for the slow-wave mode of the helixloaded waveguide. The best feed for both wire and slotted helices is shown to be a dipole antenna, oriented so as to excite the radial component of the electric field within the antenna. For the wire helices, an axially oriented monopole antenna (which excites an axial electric field) is also shown to yield comparable results. In order to avoid a spontaneous excitation of the dominant fast-wave mode of the helix-loaded waveguide system preferentially, mode-selective structures (resonant or anti-resonant cavities) tuned to the slow-wave mode have been used. The experiments show that the performance of the resonant helical coils is uniformly superior to that of the nonresonant one. The plasma so produced was characterized with respect to the microwave power and magnetic field at the antenna region.
I. INTRODUCTION I
T is well known that slow-wave structures (SWS) can be used quite effectively for both high-density plasma production as well as for plasma heating. An important problem which arises in this context is the efficient excitation of the slow-wave mode (V p h < c; V p h'-phase velocity of the wave; c: speed of light in vacuo) of the SWS. Recently, this problem was investigated in detail for the first time for the slotted line antenna (SLA). The SLA was first used in plasma physics by Lisitano et al. [1] , [2] , and since then it has been frequently used for highdensity plasma production by high-power microwaves [3] , [4] . However, the problem of coupling efficiently to the slow-wave mode of this structure remained unexplored until recently. For this purpose, the dominant field components of the slow-wave mode of this antenna were determined initially [5] . Subsequently, experiments were performed [6] where different feed structures (auxiliary antennae) were placed within the SLA for exciting different components of the microwave field preferentially. It was expected that when the excited field component corresponded to a dominant field component of the slow-wave mode of the SLA, the excitation of this mode and hence the ensuing plasma production process as well would be most efficient. And, in fact, it was clearly seen from the experiments that the efficacy of plasma production using the different feeds depends directly on the relative importance of the field components excited for the slow-wave mode of the antenna. Another SWS which has been used quite widely is the helical coil antenna. This may either be a wire helix or a slotted helix. (The latter is formed by cutting a helical slot into a metal tube.) In addition to plasma production [7] - [11] , helical coils have also been used for coupling slow waves into a plasma [12] - [15] . Theoretically, the slow-wave mode of helices in free space [16] - [18] , as well as their modes inside a waveguide [19] , [20] , have been analyzed in detail. In some recent studies [21] , [22] , the dispersion relations of a tape helix (mathematical idealization of a wire helix) and a slotted helix-loaded waveguide were simplified considerably to yield asymptotic formulae for the wavenumbers of the slow and fast (V plt > c) dominant waves (termed as the SDW and FDW, respectively) of the system. In addition, the field patterns corresponding to these modes were also computed [22] , from which the dominant field components of these modes can be identified. Therefore, as in the case of the SLA, the plasma-production process can once again be optimized by exciting one by one the different dominant field components of the SDW for both wire and slotted helices. It may be noted that the fields being referred to here are vacuum fields which may be altered significantly in the presence of a high-density overdense plasma; nonetheless, these field configurations retain considerable importance as regards plasma production, since prior to plasma formation only vacuum conditions prevail. Thus the initial coupling to the vacuum slow-wave fields determines to a great extent the final plasma densities achieved. Finally, it may also be noted that waveguides are intrinsically fast-wave structures and so will tend to support the FDW preferentially, rather than the SDW. This implies that for plasma-production purposes, precautions have to be taken to suppress the FDW so that the SDW is excited in isolation [22] .
Following a presentation of the study described above (on feed optimization and helix design for plasma-production purposes), we have in this paper investigated the changes brought about in the plasma parameters by letting the plasma produced by a helical antenna (wire or slotted) flow into a second, very long, closely wound, large diameter wire helix. Normally, the plasma produced by the helical antenna is allowed to flow along the magnetic field lines into the rest of the plasma chamber so that a simple plasmafilled waveguide is formed. Therefore, allowing the plasma to Fig. 1 . A schematic of the experimental system. The movable wire mesh can be used for shielding any probe from the high-power microwaves (see [6] ). Also, the LHTL (when inserted) spans over the region H-H 1 .
flow into the long helical transmission line (LHTL) (which is loaded within the plasma chamber or waveguide) is expected to modify the plasma parameters and their profiles considerably, since the LHTL, being a slow-wave structure, should be able to influence the motions of the plasma particles much more significantly. The work presented in this paper is, therefore, in two parts. In the first part we present the results of plasma production using the different feeds and different helix designs, following a brief discussion of the relevant modes of the system and their field patterns. Plasma-characterization results as a function of the magnetic field and the microwave power are also presented. Finally, in the second part, the characterization experiments are repeated with the LHTL loaded inside the plasma chamber and the results compared with those obtained without the LHTL.
II. PLASMA PRODUCTION USING HELICAL COILS
The arrangement of the experimental system is shown in Fig. 1 and is also described elsewhere [6] . CW microwave power (50 to 750 W) at 2.45 GHz is fed into the helical antenna situated at one end of the stainless steel chamber (diameter « 15 cm) by a coaxial line. The line has a triple stub tuner [23] for impedance matching. The axial magnetic field profile (a double mirror) is shown in Fig. 2 ; also shown is the position of the antenna relative to the magnetic field. It is seen that the antenna is situated at one of the mirror throats where the field can be varied over a wide range. For / = 10 A (see Fig. 2 ), the mirror becomes symmetric with a mirror ratio of 3.6 : 1. The corresponding peak magnetic field at the throats is « 876 G, which gives an ECR (electron-cyclotron resonance) frequency ( = w ce /2n) of 2.45 GHz ( = w/2n = the frequency of the microwave).
The diagnostics include radial and axial Langmuir probes, a radial emissive probe, and an electron energy analyzer. Lam's theory [24] has been used for all density calculations; this is justified in most cases, barring a few instances where the plasma densities are low ( ~ 10 10 cm~3), since for such cases 45 GHz occurs at 876 G; this is also the peak field obtained at the throats of the symmetric mirror (ratio = 3.6 : 1), with / = 10 A. All radial data were taken at the center of the first mirror at the plane A-A'. H-H' gives the region over which the LHTL extends.
T P /\D ~ 2 (r p : probe radius; X D : Debye length). All radial measurements were carried out at the center of the first mirror (indicated by the line A-A' in Fig. 2) . The experiments were conducted in argon (operating pressure ~ (6-10) x 10~5 torr; base pressure w 2 x 10~6 torr). Care was taken during the experiments to ensure that the reflected power remained small ( « few percent of the input power) throughout. 
A. Excitation and Design of the Helical Antennas
A detailed theoretical analysis of tape and slotted helices loaded inside waveguides (for use in plasma production) can be found in [21] and [22] . Here we shall summarize the major conclusions for large diameter helices only (2nr h /X v > 1; r h : helix radius; A,,: free-space wavelength of the microwave). It can be shown that slow waves can be supported on helices for p < \ v /2 (p: helix pitch). An analysis of helix-loaded waveguides then shows that for p < X v /2 and for k v r h > 1 (k v = 2TT/\ V ) the system supports one SDW and one FDW only, and that these two waves can co-exist. This implies, as noted earlier, that in the absence of any steps to suppress the FDW, the excitation of the FDW will be strongly favored, since the waveguide is itself a fast-wave structure. These results are true for both tape and slotted helices; moreover, for identical helix parameters (same/? and r h ), the two helices yield identical values for the wavenumbers of the SDW and FDW.
It turns out from practical considerations that it is relatively easy to excite only E z , E T (the axial and radial components of the electric field E), and H z (the axial component of the magnetic field H) preferentially, within the antenna region [6] . Thus in our plasma-production experiments only these components have been excited by using different feed structures. Fig. 3 shows a schematic of the different feeds which have been used for exciting the different field components: E z was excited by the axial monopole feed connected to the inner conductor of the input coaxial line; E r was excited by a dipole antenna (dipole length = 6.25 cm), oriented radially inside the helical coil; H z was excited by a current loop in the transverse (x-y) plane, connected between the inner and outer conductors of the input coaxial line. It can be seen from the construction and placement of the different feeds relative to the helical antenna (also shown in Fig. 3 ) that the axial monopole and current loop couple best to fields close to the antenna axis, while the dipole feed couples strongly to fields close to the inner surface of the antenna. Thus for determining the dominant field components of any mode, this feature of ease of coupling must also be taken into account.
A detailed description of the field profiles for tape and slotted helix-loaded waveguides is also given in [22] . In Fig. 4 , some of these profiles have been reproduced for the SDW and FDW for ease in illustration. Only those components which can be actually excited are shown. For the tape helix, these are shown along a radius vector which terminates in the center of the gap, since for the tape helix, a major portion of the helix surface is due to these gaps. Likewise for the slotted helix, the fields are shown along a radius vector terminating in the center of the metal tape. From the plots it is immediately seen that the SDW fields are appreciable only near the helix surface and decay very rapidly as r -• 0, while the FDW fields are appreciable over the entire volume of the helical coil (0 < r < r h ). From the figure it is also seen that the dominant SDW fields for a tape helix are E z , H z , and E r , where the latter two components are somewhat weaker than the first. Similarly, the dominant SDW fields for a slotted helix are H z , E r , and E z , where the latter is now somewhat smaller than the first two. At this point, however, we have to take into account the ease of coupling of the feeds which was mentioned earlier. Doing this and noting that all the SDW fields peak away from the axis, it is seen that the relative strengths of the SDW fields for the tape helix can now be written as \E Z \ > \H Z \ and \E r \ > \H Z \. However, in the absence of any measured data regarding the field strengths of the SDW, it is difficult to predict the exact relative strengths of E z and E r .
(This is so because, even though the strength of E T is increased considerably by the improved coupling to it, it is not a dominant field component of the SDW for a tape helix.) For the slotted helix, on the other hand, the relative strengths of the SDW fields will become \E T \ > \H Z \ > \E Z \ (where the coupling to E r is very good now, as E T is also a dominant field component of the slotted helix-waveguide system).
It can be seen, however, that the SDW and FDW have overlapping dominant field components (Fig. 4) , and so the SDW will not be excited alone. To overcome this problem, mode-selective configurations tuned to the SDW have to be used [22] . For this one may view the helix-waveguide system as a transmission line and form resonant or anti-resonant cavities [25] out of it. A possible method is to leave the helix open at one end (which also allows the plasma to flow out), and short circuit the other end by a metal plate (called the endplate). This configuration can be used for making a resonant cavity tuned to the SDW if the length of the helix is kept equal to multiples of A,/2 (A,: wavelength of the SDW). In the present situation this configuration may be modified somewhat by cutting a circular hole in the center of the metal endplate (see Fig. 3 ). Such a hole provides access to the high-power coaxial line into the interior of the helical antenna for energizing the feeds. It may be noted that such a central hole does not disturb the tuning of the cavity too much, since for large diameter helices the SDW fields die out very rapidly as r -» 0 towards the axis [22] ; thus the error incurred in the fields not being short circuited in the region of the central hole is not expected to be too significant. A schematic of the mounting arrangement described above is also shown in Fig. 3 . The dimensional specifications of the different wire and slotted helices used in our plasma-production experiments are given in Table I . Both resonant coils (tuned to the SDW), as well as nonresonant coils, have been used. (These have been designated as RC and NRC in the table.) The values of A.,, given in the table for each helix, have been computed at 2.45 GHz, the frequency of our microwave source [21] , [22] .
B. Plasma-Production Results

1) Feed Optimization Results:
In these experiments, the efficiency of plasma production using the different feeds was studied. The index of the efficiency of plasma production is the plasma density and its radial uniformity. The major feed optimization results are shown in Figs. 5 and 6 for the tape and slotted helix, respectively. In these experiments only resonant helices were used; their specifications are also given in Table I . The values of the argon gas pressure and microwave power used in the experiments, together with the peak plasma densities obtained for each type of helix, are stated separately in each figure. The value of the magnetic field in the antenna or source region was kept at ECR. In practice, the discharge is initiated within a few percent of ECR, and a slight tuning of the source magnetic field is required to stabilize the discharge. The results of the feed optimization experiments can be summarized briefly as follows:
a) The axial monopole feed is seen to yield fairly high plasma densities (overdense) with good radial uniformity for the wire helix; for the slotted helix, however, its performance is poor. It was noted earlier that the monopole feed excites E z strongly and that it is a dominant field component for the SDW of the wire helix; E z , however, is a much weaker component for the SDW of the slotted helix. The observed results are therefore in accordance with the relative magnitudes of these components as computed theoretically.
b) The performance of the loop feed (H z excitation) seems to be reasonably good for both the wire and slotted helix. The point to be noted, however, is that H z is a relatively weaker component than E z for a wire helix, while it is stronger than E z for the slotted helix. Thus its performance for the wire helix is poorer than that of an axial monopole feed, whereas for the slotted helix the opposite is true.
c) The performance of the dipole feed (E r excitation) is very good for both the wire helix and slotted helix. In fact, for the slotted helix it easily gives the best results, since on inclusion of the efficiency of coupling, E r was seen to be very strong (\E r \ > \H Z \). This point is reflected by the distinctly superior performance of this feed in comparison to that of the current loop. Radial distance,r Icm) - Fig. 7 . Radial density profiles of the ECR plasmas, illustrating the superior performances of the resonant cavity configurations over the nonresonant ones using wire helices; feed: dipole; P = 300 W; p (argon) « 7.5 x 10" 4 torr; For the wire helix also, the dipole feed gives higher peak densities close to the axis as compared with the axial feed. The axial feed, however, gives higher densities away from the axis and a better overall radial uniformity. It was mentioned in our discussion of the different feeds that an exact comparison of the axial and dipole feeds for a wire helix is difficult, because, while E z is a dominant component for the SDW, the coupling to E r is better. Our plasma-production results indicate that for a wire helix the performance of the axial and dipole feeds may be regarded as comparable and superior to that of the current loop.
It is noted here that a field component which is fairly important for both the wire and slotted helix is H r (not shown in Fig. 4 ). This component has not been considered in our discussions for the lack of a suitable feed for exciting it.
In summary, it is thus seen that the efficacy of plasma production using the different feed depends directly on the relative importance of the component excited (including the efficiency of coupling) for the slow-wave mode (SDW) of the antenna. It is also clear from the experiments that the best feed for high-density plasma production for large-diameter wire helices is the radial dipole feed and the axial monopole feed, while for the slotted helices the radial dipole feed gives the best results.
2) Resonant Versus Nonresonant Configurations: The plots shown in Figs. 7 and 8 give the performance of wire/slotted helices in the resonant and nonresonant configurations. Once again, the relevant experimental parameters of interest are given in the figures. It is seen that the plasma densities obtained using the resonant coils (tuned to the SDW) are consistently higher than those obtained using the nonresonant coils. These results, therefore, confirm the validity of the design criterion used by us for the elimination of the FDW.
C. Plasma Characterization Results
The remainder of the experiments to be presented in this paper were all conducted with slotted helix no. 2 in Table I (resonant coil; r h = 4.85 cm). In what follows, we list out the typical plasma parameters obtained using this helix and also present some of the plasma characterization results. It is noted here that some of the basic features of the plasmas produced by an SLA [6] are seen to be reproduced here as well. This is so, because the basic method of plasma production (using microwaves at ECR) and the experimental configuration (including the magnetic field profiles) are identical for the two cases.
1) Typical Plasma Parameters:
The typical parameters of the plasma produced by a large-diameter resonant slotted helix are listed in Table II . It will be seen later from the analyzer data that the present plasma has two high-temperature electron populations (within the energy resolution range of the analyzer). As in the case of SLA-produced plasmas [6] , the bulk of the ionization in the present case is also due to impact ionization (see [26, fig. 5.22] ). Thus it is the (65-100) eV component and the tail of the (10-40) eV component that are chiefly responsible for the formation of the plasma.
2) Effect of Magnetic Field (at the Antenna Region):
The high-density plasma produced at ECR can be maintained even when the magnetic field at the antenna region is changed considerably from the resonance value. This behavior was observed for the SLA also. Fig. 9 shows the variation of the on-axis plasma density with the magnetic field in the antenna region (0.2 < w ce /w < 4). It is seen that for 0.2 < w ce /w < 2 there are considerable fluctuations in the plasma density with the magnetic field. Beyond w ce /w « 2, however, the profile remains flat. This capability of the helical antenna to operate over a wide range of magnetic fields (well beyond ECR) was first observed by Lisitano et al. [7] and later confirmed by Kopecky et al. [8] . However, in both these experiments, two different microwave sources were used. One source was used to obtain an ECR discharge at a magnetic field for which io ce /27r was higher than the frequency of the second source. Subsequently, the second source was switched on and the starting densities required to maintain the plasma with the second source operating alone were measured [8] . In another, later experiment [9] only a Charge Exchange (A el ) at « 10~4 torr (No data available directly; estimates given below are by extrapolation of data given in [26, fig. 3 .46]) T; ss few tenths of an eV: A EI ss few tens of centimeters T; as 0.025 (Room Temperature): A e i « few centimeters single source was used to maintain the plasma at high magnetic fields (w ce 3> w). In this experiment the plasma was initiated by temporarily pulsing the magnetic field down to the ECR value. In our experiments also there is only one source. However, the discharge here has been studied for different magnetic fields by changing the magnet coil currents gradually. It is noted here that the microwave power required to maintain the discharge at higher magnetic fields (beyond ECR) is a little larger than that required to initiate the discharge at w « w ce (ECR). The basic mechanism by which the plasma is maintained away from resonance has already been discussed in detail in [6] for the case of the SLA and will not be repeated here.
Finally, in Fig. 10 the radial profiles of the ion saturation current are plotted at different magnetic fields. Since this current is a measure of the plasma density, one can see that the plasma density profile changes significantly as the magnetic field is varied in the range 0.5 < w ce /w < 1.5. Beyond w ce /w « 1.5, the density decreases somewhat. Nevertheless, the plasma still remains overdense and exhibits a highly uniform radial profile for this range of magnetic fields.
3) Power Variation Study: The variation of the on-axis plasma density and bulk electron temperature (without the LHTL) is shown as a function of the microwave power in Fig. 11 at a gas pressure of « 6 x 10~5 torr. The plasma density is seen to rise monotonically with the microwave power. The bulk electron temperature, on the other hand, does not change significantly for power levels a 200 W. Below this power the temperature increases somewhat sharply.
In Figs. 12 and 13 the radial profiles of the plasma density and bulk electron temperature are given for some typical values of the microwave power. For very low power (« 60 W), the plasma is underdense, although the radial density profile is highly uniform. For power a 120 W, however, the plasma becomes overdense and the density profiles also become more nonuniform. A notable feature of the bulk electron temperature profiles (in Fig. 13 ) is the hump observed at r » 2 cm. This hump has been observed consistently in all our measurements using the dipole feed.
These humps in the radial profiles of both the plasma density and bulk electron temperature, at approximately the same radius, suggest the presence of an annular plasma ring with a slightly higher density and temperature than that of the remainder of the plasma.
Plotted in Fig. 14 are the axial profiles of the plasma density and bulk electron temperature for two different microwave power. Comparing the density profiles with those of the magnetic field (also shown in Fig. 14) , it is seen that the plasma confinement in the mirror region is poor at both the power levels. This loss of plasma confinement was also seen for the SLA-produced plasmas in this system [6] and can be traced to the fact that in the present experimental system the mirror throats and hot electron turning points (i.e., the ECR region), where the bulk of the plasma production takes place, coincide. Thus an average secondary or bulk electron, which is born at the mirror throat with V± ~ Vj| CKL » Vj|: components of velocity perpendicular and parallel to the external magnetic field), will retain a finite Vj| when it reaches the peak in the magnetic field at the opposite mirror throat and hence be lost to the system. A detailed discussion of this aspect has also been presented in [6] . It is seen from Fig. 14 that the bulk electron temperature is higher towards the mirror throats and is a minimum near the mid-plane of the mirror. It is well known that in sliding down the magnetic field gradient from the mirror throat to the mid-plane, the electrons acquire a drift, which constitutes a directed energy. Since the magnetic moment of the electrons is an adiabatic invariant for such processes, it is seen that this drift energy is gained at the expense of the perpendicular kinetic energy. For the secondary electrons V ± « Vj| (on the average) at the mirror throats, and this is approximately true for the random part of Vj| elsewhere as well. This leads to a fall in the bulk electron temperature from the throat to the mirror mid-plane. As the electrons travel up the magnetic field gradient of the second mirror throat, the electron temperature rises once again.
In versus the discriminator voltage V o ( < 0) obtained at the mirror mid-plane on the axis for different microwave power. It can be seen that there are points of inflection in these curves (where (Pl c /dV 0 2 -0). These inflection points indicate the presence of drifting electron components in the system. It was seen above that in the present system, a drift can arise due to the electrons sliding down the magnetic field gradient. It was also mentioned that the plasma in the present experiments is comprised of different electron temperature populations. It can, therefore, be concluded that the different points of inflection on any given analyzer plot correspond to the different drifts acquired by the different temperature components as these slide down the magnetic field gradient.
The different temperature components can be determined graphically. In Fig. 16 , a graphical analysis of the data curve corresponding to 500 W (in Fig. 15 ) is shown. The different electron temperatures are obtained from the linear portions of the Inl versus V o plots, starting from the tail of the analyzer curve in Fig. 16(a) . The currents for the successive plots in Fig. 16(b) and (c) are obtained by subtracting successively the currents computed by interpolation of the linear portion of the logarithmic plots from the total collector current. For the case shown by Fig. 16 , three different electron temperatures emerge. It can also be seen that in Fig. 16(a) and (b) the actual curve for lnl c swings upwards from the linear regime as V o becomes less negative. This trend signals the presence of another temperature component which is determined using the subtraction procedure described above. In Fig. 16(c) , however, it is seen that the logarithm of the current swings below the linear portion of the graph. This indicates that there are no new temperature components to be found in the voltage range under consideration and that the onset of space-charge effects has taken place. In addition, it can be seen from Fig. 15 that a point of inflection is also present at |Vo| ~ 35 V, which indicates the presence of a drift. The temperature of this drifting population is given by the inverse slope of the linear portion of the graph in Fig. 16(c) . The drift energy, however, has to be determined indirectly now, due to the presence of space-charge effects. (Assuming that these highenergy electrons are confined within the mirror and that because of resonant interaction with the microwaves, E± 3> E^ (E°±, .Ejj: perpendicular and parallel energies of the particles at the throat), it is easy to see the drift energy E d of these particles at the mid-plane of the mirror will be given by E d ss 0.85 E']_, for a mirror ratio of 4 : 1.) It is found from the analyzer data in Fig. 15 that the drifts or points of inflection can be observed only for the lowest temperature components (at relatively small values of the discriminator voltage). However, the population densities associated with these lowest temperature components are also higher, and thus spacecharge effects are observed for these components when the discriminator voltage magnitude is sufficiently small. Thus for the present analyzer data, the onset of space-charge effects and the occurrence of the points of inflection for any component go together. In general, however, it is advisable to use the analyzer data only for estimating the highest temperature components. Therefore, in order to avoid inaccuracies, we have limited our analysis of the analyzer data to only the higher voltage ranges (in magnitude) of the discriminator voltage, where space-charge effects (and drifts as well) are absent. Our analysis, therefore, extends to voltages just higher than that at which the first point of inflection is encountered, as one comes down in voltage from the tail-end of the analyzer curve. In all cases, however, no analysis of the data has been undertaken for |Ki| < 20 V (or V o > -20 V). This is because between the discriminator grid and collector plate is an electron suppression grid which is biased at « -20 V. Thus as the discriminator voltage crosses -20 V, the electron suppression grid changes from an electron attracting grid to an electron repelling one, which takes the analyzer into a new regime of operation. An analysis of the analyzer data in Fig. 15 along the lines outlined above clearly indicates the pattern shown in Table III for the intermediate temperature (T inter ) and high-temperature (Ti, ot ) electron components. In addition, a new low-temperature (T| ow ) component is also seen to emerge for a microwave power of 500 W. It may be noted that T imcr at the lowest power could not be measured, since the magnitude of the discriminator voltage for this case falls below 20 V. The table also shows that the intermediate temperature tends to increase monotonically with the power, while the high temperature shows a tendency to saturate at w 100 eV, for power levels a 300 W. It was mentioned earlier that the bulk of the ionization in the present experiments is due to impact ionization of argon by the hot electrons. It can also be seen from [26, fig. 5.22 ] that the impactionization cross section of argon by electrons peaks sharply near electron energies « 80 eV. Thus a possible explanation for the observed saturation in the hot electron temperature with the microwave power may be as follows: After the temperature of the hot electrons rises initially to values as 100 eV, its further rise is inhibited due to a sharp increase in the secondary electron production (because of enhanced ionization at energies ss 80 eV).
III. STUDIES WITH THE LONG HELICAL TRANSMISSION LINE (LHTL)
We conclude this discussion on plasma production and characterization using helices by presenting a last study in the presence of a long helical coil loaded inside the waveguide. The coil was fabricated by winding 3.4-mm diameter superenamelled copper wire on a fiberglass tube of « 13.3-cm OD (wall thickness « 3 mm). The pitch p of the winding was 3.7 mm, with a From the analyzer data of Fig. 15 . mean outer radius of « 7.14 cm and a length / = 1.44 m. This transmission line fits quite snugly into the waveguide (plasma chamber), which has a mean internal radius % 7.35 cm. The LHTL is so inserted into the plasma chamber that one of its edges coincides with the edge of the plasma chamber towards the antenna side (for relative position, see Figs. 1 and 2 ). This way, the entire slotted helix antenna, which is used for plasma production, is also located within the LHTL. For the sake of comparison with the results presented earlier, all the experiments with the LHTL have been carried out using only the slotted helix no. 2 of Table I . The method of obtaining the discharge is the same as before. All radial measurements were taken at the center of the first mirror (as was done earlier). Suitable holes were cut into the fiberglass tube for this purpose.
The on-axis variations of the plasma density and bulk electron temperature with the microwave power in the presence of the LHTL are also plotted in Fig. 11 . Comparison of the plots obtained with and without the LHTL reveals the density and temperature enhancement obtained using the LHTL. For instance, the density enhancement is typically between 20% (at 500 W) to 50% (at 100 W); the corresponding enhancement in the temperature lies between 45% (at 100 W) and 65% (at 500 W).
Typical radial profiles of the plasma density and bulk electron temperature are shown in Fig. 17 . A comparison with Fig. 12 shows that the density profiles are now broader and less sharply peaked. This is an improvement on the results obtained earlier without the LHTL. Likewise, comparing the temperature profile in Fig. 17 with the one given in Fig. 13 shows that the hump in the temperature profile has been eliminated in the presence of the LHTL. Thus the overall effect of the LHTL seems to be to smoothen the peaks (humps) seen in the density and temperature profiles without the LHTL. Fig. 18 shows the analyzer data in the presence of the LHTL. The collector currents for any given microwave power are now higher than the corresponding ones obtained without the LHTL (Fig. 15) . It is seen, however, that each of these plots has only one point of inflection (at V o w -20 V). An analysis shows that this region of the analyzer data is also affected by space-charge effects. Thus for the present data, our analysis extends to voltages | Vo | > 20 V only. The results of this analysis are presented in Table IV .
In may be noted that T hot could not be estimated for microwave power a 400 W, since for the voltage range over which the analyzer was operated, the contribution from the intermediate temperature component was high enough to wash out the presence of any higher temperature components. Likewise, T low for the lower power levels ( s 200 W) could not also be estimated, since for these cases the magnitude of the discriminator voltage falls below 20 V. As noted earlier, this regime of the analyzer has not been considered at all in our analysis. A comparison of the results presented in Tables III and IV shows that the hot electron group without the LHTL corresponds to the intermediate temperature group in the presence of the LHTL. A noticeable feature is that T inter now increases mono- From the analyzer data of Fig. 18. tonically with the microwave power. This is to be contrasted with the saturation in T hot seen in Table III .
The most significant improvement brought about by the use of the LHTL is reflected by the values of T hot obtained at relatively low power levels. These values represent a marked improvement over the values obtained earlier (see Table III ) at power levels up to 500 W.
Before concluding this section, some final comments are in order. It is seen that although the use of the LHTL has led to an overall improvement in the bulk plasma density and bulk electron temperature and has also led to improved radial profiles of these quantities, it is felt that the improvement in the plasma density and electron temperature is basically quite modest. On the other hand, the improvement in T hot even at 200 W (as compared with T hot at 500 W without the LHTL) or T inter can be said to be quite significant. This discrepancy in performance may be due to the fact that the bulk electrons in our system are not confined and remain in the mirror for only a single pass as these travel from one throat to the other. Thus the LHTL is able to influence these bulk electrons for only one single pass. The high-energy electrons, on the other hand, are confined within the mirror for at least a few bounces. The influence of the LHTL on the highenergy electrons is therefore much greater than that on the bulk electrons. One may remedy this situation by shifting the ECR region (the hot electron turning points and the birth place of the bulk electrons) closer to the center of the mirror, away from the throat. This configuration will lead to a better confinement of the bulk electrons and hence better results when the LHTL is used.
IV. CONCLUSIONS
In this paper we have discussed two factors which are important from the point of view of plasma production using helices. It has been shown that, keeping in view the dominant slow and fast waves supported by a helix-loaded waveguide, one can improve the efficiency of plasma production by using resonant cavity helices tuned to the SDW, and by using a radially oriented dipole feed for exciting the helices. This latter feed gives the best overall coupling efficiency for the SDW mode. In addition, for the wire helices the axial monopole feed may also be used with results comparable to those obtained using the dipole feed. In general, it has been shown that the performance of the feeds depends directly on the relative importance of the different field components (which the feeds excite) for the slow-wave mode of the system. Following this, a detailed characterization of the plasma was undertaken. Finally, the idea of using very long, helical slow-wave structures for modifying the plasma parameters was tried. It was seen that the presence of the LHTL does influence the overall plasma parameters, particularly the temperature of the hot electrons. These preliminary results suggest the possibility of using such structures for suitably tailoring the plasma parameters and their profiles in future experiments. P. Appala Naidu was born near Bobbili (A.P), India. He received the B.Sc. and M.Sc. degrees in physics in 1971 and 1973 from Osmania University. He then joined the Jawaharlal Technological University (Hyderabad), where he teaches physics in its constituent Colleges of Engineering. He was sponsored for further studies at the Indian Institute of Technology (IIT), Delhi, and was awarded the Ph.D. degree in 1990 for his work on microwave-plasma interaction using helical slow-wave structures. He has also participated in the development of a high-power microwave-plasma interaction system at IIT, Delhi.
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